Introduction
============

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, fibrotic lung disease which has no clear etiology.[@b1-dddt-7-503] It is the most common of all the idiopathic interstitial pneumonias, affecting seven to 16 people per 100,000 each year, and its incidence is rising.[@b2-dddt-7-503]--[@b5-dddt-7-503] Lack of a proven effective therapy means prognosis is poor, with a median survival of 3 years post diagnosis.[@b6-dddt-7-503]

The mechanisms underlying the development and progression of IPF remain poorly understood, but current theories propose that the condition develops as a result of an aberrant wound healing response to repeated alveolar injury in genetically susceptible individuals.[@b1-dddt-7-503] The consequence of this response is uncontrolled myofibroblast proliferation and differentiation, and abnormal extracellular matrix deposition, with excess collagen accumulation in the interstitium. Normal lung architecture is destroyed and replaced by scar tissue, which compromises lung function, resulting in progressive respiratory failure. The process of fibrosis is driven by myriad growth factors and their downstream intra-cellular signaling pathways. It is therefore unsurprising that multiple cell signaling pathways have been identified as potential therapeutic targets in IPF.[@b7-dddt-7-503],[@b8-dddt-7-503] Despite these preclinical observations, pirfenidone, which was approved in Japan in 2008 and Europe in 2011, is the only licensed treatment currently available for individuals with IPF.[@b9-dddt-7-503]

Nintedanib, formally known by the development code BIBF 1120, is an orally available 6-methoxycarbonyl-substituted indolinone (indolinones are either of two isomeric ketones derived from indoline, which itself is a bicyclic secondary amine consisting of fused benzene and pyrrolidine rings),[@b10-dddt-7-503] which acts as a multiple-receptor tyrosine kinase inhibitor, and has recently shown promising results in a Phase II trial in IPF.[@b11-dddt-7-503] Originally developed as a cancer treatment, nintedanib acts by simultaneously inhibiting three receptor families implicated in angiogenesis: platelet derived growth factor (PDGF); vascular endothelial growth factor (VEGF); and fibroblast growth factor (FGF).[@b10-dddt-7-503] Single angiogenic inhibitors, such as those antagonizing VEGF receptors, have historically had limited success in clinical practice, due to redundancy in angiogenic pathways provided by a variety of proangiogenic growth factors including FGF and PDGF. Multiple-target receptor tyrosine kinase inhibitors, including nintedanib, have been developed to address this problem.[@b12-dddt-7-503] Nintedanib has entered clinical trials for numerous malignancies, where it targets the neovascularization critical for tumor growth and metastasis.[@b12-dddt-7-503]--[@b18-dddt-7-503] Phase III trials are ongoing in non-small-cell lung (LUME-Lung 1 and 2; NCT00805194, and NCT 00806819 respectively) and ovarian cancer (LUME-Ovar1; NCT01015118).

Importantly, PDGF, VEGF, and FGF are also critical profibrotic mediators which have been shown to play a role in driving the development of fibrosis.[@b19-dddt-7-503] Encouraging results using nintedanib or its analog BIBF 1000 in vitro and in animal models of experimentally induced fibrosis, have paved the way for clinical development of the compound in IPF.[@b19-dddt-7-503] The recent publication of a large Phase IIb study[@b11-dddt-7-503] in IPF and the anticipated completion of two concurrent Phase III trials has raised the hope that nintedanib may prove to be an effective therapy for IPF. This review therefore aims to provide a synopsis of the current state of knowledge regarding the pharmacodynamics, pharmacokinetics (PK), therapeutic efficacy, and toxicity of nintedanib, based on the published literature.

Preclinical validation
======================

Nintedanib is a potent, oral, small, molecule, intracellular inhibitor of the receptor tyrosine kinases PDGF receptor (R)-α and -β (IC50 59 and 65 nmol/L), VEGFR-1, -2, and, -3 (IC50 s 13--34 nmol/L) and FGFR-1, -2, and -3 (IC50s 37--108 nmol/L).[@b10-dddt-7-503] Profiling of the human kinome demonstrates that nintedanib also inhibits a narrow range of other targets at pharmacologically relevant doses eg, Src family and Flt-3 kinases. Nintedanib competitively binds the ATP pocket binding site of its target receptor tyrosine kinase, resulting in interference of receptor dimerization and autophosphorylation of the tyrosine kinase domains, and inhibition of downstream signaling.[@b12-dddt-7-503] The exact receptor-binding kinetics are not completely understood, however, it has been shown that nintedanib causes sustained (\>32 hours) inhibition of VEGFR-2 phosphorylation in pulse-chase experiments of VEGFR-2-transfected NIH3T3 cells.[@b10-dddt-7-503]

In preclinical oncology experiments with human tumor xenografts, nintedanib is effective in reducing tumor growth through inhibition of angiogenesis.[@b20-dddt-7-503] At present only limited data have been published on the effect of BIBF on fibrogenesis either in vitro or in vivo in animal models. The main published work assessing tyrosine kinase receptor inhibition in fibrosis utilized an analog of nintedanib, BIBF 1000.[@b19-dddt-7-503] Chaudhary et al[@b19-dddt-7-503] demonstrated that 50 mg per kg BIBF 1000, when dosed both prophylactically and therapeutically, inhibits the development of fibrosis in the rat bleomycin model (measured at day 22 by Masson's trichrome and procollagen 1 gene expression). The authors were also able to show that in in vitro experiments BIBF 1000, but not imatinib mesylate, blocks TGF-β-induced fibroblast to myofibroblast transformation, via SMAD independent pathways. Although TGF-β acts as a potent profibrotic mediator, at physiological levels it is important in tissue homeostasis and acts as a modulator of inflammation and cell proliferation. The ability of BIBF 1000 to inhibit myofibroblast differentiation without affecting the canonical SMAD signaling pathway is potentially advantageous, particularly because studies in knockout mouse models suggest that global inhibition of TGF-β as a strategy to treat fibrosis could have adverse side effects, such as inducing widespread inflammation and increasing the risk of malignancy.[@b21-dddt-7-503]

Although there is a paucity of pre-clinical data supporting the antifibrotic potential of nintedanib, an antifibrotic effect can be predicted from the compound's capacity to inhibit PDGF, FGF, and VEGF. PDGF comprises a family of dimers of two polypeptide chains, A and B. These dimers interact with PDGF-α or -β tyrosine kinase receptors, resulting in activation of downstream Pi3K and MAPK pathways. PDGF-A and PDGF-B are potent fibroblast mitogens and chemotractants. In addition, in vitro, PDGF is important in mediating TGF-β, IL-1, TNFα, FGF, and thrombin fibrotic responses.[@b22-dddt-7-503]--[@b26-dddt-7-503] In rat lung, administration of an adenoviral vector containing PDGF-B results in a mild fibroproliferative response.[@b27-dddt-7-503] Furthermore, PDGFR selective tyrosine kinase inhibitors have been shown to reduce pulmonary fibrosis in a rat model of vanadium pentoxide induced lung injury[@b28-dddt-7-503] and a murine model of radiation induced fibrosis.[@b29-dddt-7-503] PDGF is synthesized by alveolar macrophages.[@b23-dddt-7-503] Macrophages extracted from bronchoalveolar lavage fluid from patients with IPF produce four times the amount of PDGF compared to macrophages from normal lungs.[@b30-dddt-7-503] In IPF, hyperplastic type II pneumonocytes strongly express messenger ribonucleic acid (mRNA) for PDGF-B and for PDGF receptors.[@b31-dddt-7-503] Fibroblasts derived from IPF also produce PDGF.[@b31-dddt-7-503] Imantinib mesylate, a PDGFR and cAbl inhibitor, reduces murine bleomycin-mediated lung fibrosis when administered prophylactically.[@b32-dddt-7-503] However, in a Phase IIb clinical trial, while imantinib-treated subjects showed significant improvement in oxygenation at 48 weeks, there were no significant differences in the primary endpoints of survival or improvement in lung function compared to placebo.[@b33-dddt-7-503] While these data might argue against the efficacy of PDGF targeted therapy, rodent studies have suggested that one of the mechanisms of action of the novel antifibrotic agent pirfenidone is inhibition of PDGF synthesis.[@b34-dddt-7-503]

The FGFs are a family of pluripotent growth factors which act on many different cells types via high affinity FGFRs including FGFR-1 and -2. Basic (b) FGF (also known as FGF-2) potently induces the proliferation of many cell types involved in wound healing, including fibroblasts, endothelial cells, and smooth muscle cells. High levels of bFGF have been found in bronchoalveolar lavage and serum of patients with IPF.[@b35-dddt-7-503],[@b36-dddt-7-503] Production of bFGF by type II pneumonocytes is stimulated by TGF-β.[@b37-dddt-7-503],[@b38-dddt-7-503] In vitro, FGFR-1 inhibitors reduce murine fibroblast proliferation and in a murine bleomycin model of fibrosis, administration of a soluble mutant FGF receptor with high binding affinity for bFGF attenuated fibrosis.[@b39-dddt-7-503]

VEGF is a critical mediator of angiogenesis which drives endothelial cell proliferation and vessel formation predominantly through VEGFR-2.[@b40-dddt-7-503] Interestingly, in a rat model of adenoviral TGF-β overexpression-induced pulmonary fibrosis, VEGF increases microvessel density and attenuates the development of pulmonary hypertension but at the cost of exaggerated fibrosis.[@b41-dddt-7-503] Angiogenesis is important in the normal wound healing response. Aberrant neovascularization is a recognized histological feature in IPF tissue, with marked regional heterogeneity in vascular density.[@b42-dddt-7-503] In general, vascularity is increased in areas bounding fibrosis while fibroblastic foci are hypovascular. Although the exact role of angiogenesis in the fibrotic process is still debated, increased angiogenic activity secondary to an imbalance in angiogenic and angiostatic factors is seen in human fibrotic lung tissue.[@b43-dddt-7-503] PDGF and FGF act synergistically to induce endothelial cell proliferation, and contribute to pericyte recruitment and stability of blood vessel walls.[@b44-dddt-7-503] Early administration of a VEGFR-2 inhibitor or a soluble VEGF-1 decoy receptor in the murine bleomycin model attenuates fibrosis, microvessel formation, and bronchoalveolar lavage inflammatory cell counts.[@b45-dddt-7-503] In vitro, nintedanib inhibits VEGF-, PDGF-, and FGF-mediated proliferation of the three cell types contributing to angiogenesis: endothelial cells; vascular smooth muscle cells; and pericytes (EC50 10--79 nmol/L). In vivo, nintedanib reduces tumor microvessel density.[@b12-dddt-7-503]

Pharmacokinetics
================

Extensive data on the PK of nintedanib have been derived from trials in subjects with malignancy. Several Phase I studies have examined the safety and pharmacokinetic parameters of nintedanib as a monotherapy[@b46-dddt-7-503] or in combination with other chemotherapeutic agents.[@b14-dddt-7-503]--[@b16-dddt-7-503] In a 4-week Phase I accelerated dose titration study of nintedanib monotherapy in 61 individuals with advanced solid malignancies, subjects were treated with escalating doses of oral nintedanib, to a maximum dose of 450 mg once daily or 300 mg twice daily. PK profiles were measured at a steady state. Absorption of oral nintedanib was relatively fast, with maximum concentration (C~max~) reached at 1--3 hours following twice-daily dosing. The C~max~ and exposure, as measured by the area under the curve, increased with increasing doses of nintedanib. The volume of distribution ranged from 10.1--25.4 L depending on the dose, suggesting a high tissue distribution. It should be noted however, that the bioavailability of nintedanib was not calculated. In this study, a terminal half-life (t~1/2~) of 12.9--19 hours was observed. There was, however, significant variability in the PK parameters between subjects which the authors attributed to the mixed nature of the study cohort. The maximum tolerated dose was 250 mg. Twice daily administration of this dose was better tolerated, with greater drug exposure, than higher doses given once daily.

Okamoto et al conducted a similar Phase I trial of nintedanib in Japanese patients with advanced solid malignancy.[@b47-dddt-7-503] The maximum tolerated dose in this cohort was 200 mg twice daily. Multiple dosing PK measurements were in keeping with data from other studies[@b17-dddt-7-503],[@b46-dddt-7-503] with fast absorption, C~max~ at 2--3 hours and a terminal t~1/2~ of 19--23 h. In a study of eight healthy white male volunteers (mean age 32.3 years), the PK and metabolism of a single dose of \[[@b14-dddt-7-503]C\]-radiolabeled nintedanib was analyzed. Following fasted administration of an oral solution of 100 mg, nintedanib was detected in plasma at 15 minutes, with C~max~ achieved at 1.3 hours.[@b48-dddt-7-503] Mean t~1/2~ was 13.7 hours and the area under the curve was 61.3 ng·h/mL.

In vitro, nintedanib is rapidly metabolized by hepatocytes via ester cleavage to form the metabolite BIBF 1202. Extensive metabolite pattern analysis undertaken on the plasma, urine, and feces of healthy human volunteers after administration of \[[@b14-dddt-7-503]C\]-radiolabeled nintedanib revealed BIBF 1202 and its glucuronic acid conjugate, 1-0 acylglucorinde as the most prevalent metabolites.[@b48-dddt-7-503] In healthy volunteers, BIBF 1202 was detected along with the parent compound 15 minutes after nintedanib administration with C~max~ for BIBF 1202 being reached at 2.5 hours. The authors speculate that the rapid appearance of the metabolite results from first pass metabolism in the intestinal wall. The major route of metabolite elimination is via the liver and through excretion in feces. There is minimal excretion in the urine.

The hepatic metabolism of nintedanib is mainly CYP450 independent.[@b49-dddt-7-503] Consequently, there is a lack of inhibition of CYP450 enzymes (inhibitory concentration \[IC\]50 \>50 μM) by nintedanib, BIBF 1202, and 1-0 acylglucuronide and there have been no reported drug--drug interactions from clinical trials in malignancy. A trial examining the effect of ketoconazole on the pharmacokinetics of nintedanib in healthy volunteers is currently underway (ClinicalTrials.gov identifier: NCT01679613). There are no published PK studies in patients with IPF.

Clinical trials of nintedanib in IPF
====================================

With the safety of nintedanib having been established in oncology studies, and animal data suggesting an antifibrotic role for the compound, it was logical that the drug be trialled in patients with IPF. The TOMORROW (To imprOve pulMOnaRy fibROsis With BIBF1120) study, a 12-month double blinded, randomized, dose-ranging placebo-controlled Phase II trial investigating the efficacy and safety of nintedanib in IPF, reported in 2011.[@b11-dddt-7-503] Richeldi et al randomized 432 subjects to receive one of four nintedanib dosing regimens (50 mg once daily, 50 mg twice daily, 100 mg twice daily, or 150 mg twice daily) or placebo. An increasing dose strategy was initially employed, with safety data reviewed by an independent committee before each dose escalation. The primary endpoint for the study was the annual rate of forced vital capacity (FVC) decline. Secondary endpoints measured included absolute change in FVC, total lung capacity, total lung diffusion capacity for carbon monoxide (DLCO), 6-minute walk distance, acute exacerbation rate, quality of life (measured with the St George's Respiratory Questionnaire \[SGRQ\]), and survival.

At the time of enrollment, patients had, on average, mild to moderate IPF with a mean FVC of 81.3% predicted, a mean DLCO of 3.8 mmol/minute/kPa, and median resting oxygen saturations of 96%. In terms of diagnostic certainty, there were 141 (32.9%) definite, 265 (61.9%) probable, and 21 (4.9%) possible cases of IPF (one individual was found not to have IPF). Of the 428 enrolled subjects 128 had been diagnosed with IPF following surgical lung biopsy. Study subjects were permitted concomitant therapy with up to 15 mg daily of prednisolone. Use of either N-acetyl cysteine or pirfenidone was an exclusion criteria and neither was permitted for the duration of the study.

A number of challenges face IPF clinical trial investigators. Firstly the choice of primary endpoint remains contentious.[@b50-dddt-7-503]--[@b52-dddt-7-503] There is, however, an emerging consensus, backed by a growing body of data that change in FVC provides a reasonable surrogate for longer term prognosis and survival.[@b51-dddt-7-503],[@b53-dddt-7-503] Furthermore, a recent analysis by du Bois et al,[@b51-dddt-7-503] using data from several published IPF clinical trials, has demonstrated that the minimal clinically important difference in FVC over 12 months lies between 2% and 6%. The second challenge is that of handling missing data. While this is a problem in all clinical trials, it is one that tends to be magnified in IPF due to the length of the studies and the progressive nature of the disease (resulting in study subjects who die or become too unwell to undertake spirometry). Simplistic handling of missing data has hampered the interpretation of previous IPF clinical trials.[@b54-dddt-7-503],[@b55-dddt-7-503] In the TOMORROW study, the investigators calculated the change in FVC for every individual by modeling the linear decrease in FVC for each subject from the time of first dose until the last study observation undertaken for that subject. This modeling took into account all FVC readings performed by each subject during the study and ensured robust handling of missing data values.[@b11-dddt-7-503]

Because of the multiple dosing groups included in the study, analysis of the primary endpoint was with a closed hierarchical testing procedure, with correction for multiplicity. The multiplicity correction, added to avoid type I error, raised the threshold required for the study to achieve statistical significance. Using this approach the pre-defined primary endpoint did not differ significantly (*P* = 0.06) between the group of subjects receiving the highest dose of nintedanib (150 mg twice daily) and the placebo. However, the annual rate of decline in the 150 mg twice daily group was 0.06 L compared to 0.19 L in the placebo group. Hierarchical comparison of these groups (without correction for multiplicity) pointed towards a significant difference between groups (*P* = 0.01). Subsequent, post hoc, sensitivity analyses of the primary endpoint using a conservative, closed testing procedure adjusting for multiplicity, show significant differences between the placebo and the highest dose group with: (1) inclusion of baseline values and unscheduled visits (*P* = 0.0058); (2) analysis by final dose (*P* = 0.0047); (3) use of data from week 6 only (*P* = 0.0202); and (4) inclusion of time as a fixed effect in the model (*P* = 0.0007).[@b56-dddt-7-503]

Despite the study's failure to achieve the primary endpoint, there were a number of clinically important and significant changes in prespecified secondary outcomes in the highest treatment dose arm compared to placebo. Fewer patients had a major (\>10% or \>200 mL) decline in FVC (20 \[23.8%\] versus 37 \[44%\], *P* \< 0.01). The adjusted mean absolute change from baseline in total lung capacity (+0.12 L versus −0.24 L, *P* \< 0.001) and resting oxygen saturations (−0.2% versus −1.3%, *P* = 0.02) were significantly different between the nintedanib 150 mg twice daily group and placebo. SGRQ scores when compared to baseline showed an improved quality of life in the high dose nintedanib group, compared to worsening scores in the placebo group (−0.66 points versus +5.46 points, *P* = 0.007).[@b57-dddt-7-503] The magnitude of difference between the two groups exceeds the minimum clinically significant difference in SGRQ of 5 points that has been reported for individuals with IPF.[@b58-dddt-7-503]

Perhaps one of the most striking results in the study was the reduction in acute exacerbations seen in patients receiving 150 mg twice daily compared to placebo (2 \[2.3%\] versus 12 \[13.8%\] or 2.4 versus 15.7 per 100 patient years, *P* = 0.02). The reduction in exacerbation rate appeared to show a dose response effect across the four nintedanib dose groups. Acute exacerbations of IPF are characterized by rapid progression in symptoms and convey a 30-day risk of mortality approaching 50%.[@b59-dddt-7-503] Prevention of acute exacerbations is therefore an important treatment effect. Some caution must, however, be applied in interpreting this result. Firstly, acute exacerbations are frequently challenging to distinguish from other acute onset respiratory disease, such as infection.[@b60-dddt-7-503] Secondly, early phase trials of other therapeutic agents in IPF have suggested important effects on rate of acute exacerbations which have not subsequently been borne out in larger Phase III studies.[@b61-dddt-7-503],[@b62-dddt-7-503] However, in support of the observed reduction in acute exacerbations in the TOMORROW study, a trend towards lower respiratory-related mortality was observed in both the 100 mg and 150 mg twice daily treatment arms (*P* = 0.04 and *P* = 0.06, respectively).

The results of the TOMORROW study were sufficiently positive for Boehringer Ingelheim to undertake two parallel Phase III registration studies of nintedanib in IPF (NCT01335464 and NCT01335477). These studies, IMPULSIS I and II, are identical 52-week trials of nintedanib 150 mg twice daily compared to placebo. As with the TOMORROW study the primary endpoint is annual rate of decline in FVC (expressed in mL over 52 weeks). Target recruitment was approximately 550 subjects for each study. Both trials were initiated in April 2011 and it is anticipated that the final study visit will be conducted in late 2013. It is to be hoped therefore that results will be available in early 2014.

Safety
======

The safety of nintedanib has been assessed in a number of open label, dose escalation Phase I trials for the treatment of solid cancers where doses up to 500 mg per day have been administered.[@b14-dddt-7-503],[@b16-dddt-7-503]--[@b18-dddt-7-503],[@b46-dddt-7-503],[@b47-dddt-7-503],[@b63-dddt-7-503],[@b64-dddt-7-503] Nintedanib has generally been well tolerated in these studies. The most frequently occurring reported adverse events have been nausea, diarrhea, and vomiting. While other anti-angiogenic treatments have been associated with hypertension, this has not been reported with nintedanib.

In line with data from studies in malignancy, the most frequent adverse events reported in the TOMORROW trial were diarrhea (27%), nausea (14.5%), and vomiting (7.7%).[@b11-dddt-7-503] Serious adverse events rates were similar between groups, although the discontinuation rate due to adverse events was highest in the 150 mg twice daily group at 30.6%. This rate is in comparison to 25.9% in the placebo group and 14.0% in the 100 mg twice daily group. The majority of the reported diarrhea cases were mild or moderate. The rate of gastrointestinal side effects rose with increasing doses of nintedanib, with 8.2% of patients in the maximal dosing arm reporting serious or severe diarrhea compared to 1.2% and 0% in the 50 mg twice daily and placebo arms, respectively. Only 12 subjects (across all arms) discontinued the drug due to diarrhea.

Elevation of liver enzymes occurred more frequently in subjects receiving 300 mg/day of nintedanib when compared to placebo. There were, however, only nine clinically significant episodes of liver enzyme elevation (three times upper limit of normal range) across all of the treatment arms. Only two patients needed to discontinue the drug due to hepatotoxicity, and there were no cases of drug-induced liver failure. All liver function tests normalized with either reduction or discontinuation of nintedanib. Ongoing safety studies include an open label extension of the TOMORROW trial (NCT01170065) and a study, in Japanese subjects, of nintedanib given together with pirfenidone (NCT01417156).

Conclusion
==========

IPF is a progressive and invariably fatal disease. Although the pathogenesis of the condition remains unknown, there is encouraging animal data to suggest that targeting PDGFR, VEGFR, and FGFR ameliorates the development of fibrosis. The multiple targeting of these three profibrotic mediators by the novel tyrosine kinase inhibitor, nintedanib, has led to promising Phase II clinical trial results. Data from the TOMORROW study suggest that high dose oral nintedanib is able to slow the decline of lung function and reduce the rate of acute exacerbations in individuals with mild and moderate IPF. Importantly for patients with this chronic progressive disease, nintedanib also improved quality of life, compared with the placebo. The results of two currently active, parallel, Phase 3, placebo-controlled trials of nintedanib are eagerly awaited. It is to be hoped that these studies will provide verification of the results of the TOMORROW study. Should they do so, nintedanib will become an important and very welcome addition to the therapeutic armamentarium of physicians treating patients with IPF.
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